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has a determining impact on well production performance and therefore is remarkably 7 important to be well understood in wellbore design and developments. The fluid flow through 8 pipe wall influences the velocity profile across the pipe as well as pressure gradient along the 9 pipe, which is different from the conventional solid-wall pipe flows. In addition to inflow 10 effects, perforated pipe wall geometry is also different from a solid-wall pipe and 11 consequently results in different local wall shear stresses and friction factor.
12
Studies of pipe flow with wall inflow or suction began with porous-wall pipe flow. One of 13 the earliest studies of fluid injection and suction at the pipe wall was carried out by Yuan [1] .
14
The Navier-Stokes equations in cylindrical coordinate was solved for a two-dimensional greater equivalent sand roughness height of the wall compared to ordinary pipes. It was 7 revealed that in some cases the friction factor for perforated tubes were 80% greater than 8 ordinary tubes. They mentioned that the identical results were found for pipes with different defined, namely, frictional, accelerational, gravitational, and inflow induced pressure drop.
3
They concluded that for turbulent flow wall friction factor decreased with inflow from wall 4 due to expansion of turbulent boundary layer which is commonly known as the lubrication 5 effect.
6
More attempts have been carried out to obtain more accurate pressure drop models for 7 wellbore flow. Yalniz and Ozkan [11] investigated the effect of inflow from horizontal wall 8 on flow characteristics and pressured drop experimentally and theoretically. They developed 9 a generalized friction factor correlation as a function of Reynolds number, the ratios of influx 10 to wellbore flow rate and perforations to wellbore diameter. Based on their experiments, it 11 was suggested that the wall friction-factor correlations were very sensitive to the conditions 12 under which they were derived. It was also concluded that for the case of no influx, greater than ordinary pipes depending on the inflow to main flow rate ratios. However,
1
Ouyang et al. [10] suggested that the friction factor depended on flow regime and for 2 turbulent flow, influx decreases friction factor. Some experimental results [7, 8] with increasing the inflow to main flow rate ratio. In another study, Ouyang et al. [17] 20 investigated a single-point wall entry flow for oil and gas wells. They used ANSYS Fluent to 21 study velocity profiles, streamlines and pressure distribution along the wellbore. Azadi et al.
[18] developed an integrated reservoir-wellbore flow to overcome the simplifying The developed pressure drop models for perforated pipes are generally implemented in continuity and Navier-Stokes equations are expressed as:
is the Reynolds stress tensor and accounts for the stress acting on fluid element under the perforation along the wellbore to derive the following pressure drop model:
where f a is the additional friction factor to accelerate the injected fluid and is obtained using 11 the following equation:
Ouyang et al.
[10] conducted a series of experiments on horizontal wellbore flow with wall 13 inflow and developed the following pressure drop equation for turbulent flow:
where f 0 is the Fanning friction factor for non-perforated pipes that can be determined using 1 the widely used Colebrook-White equation:
In this study, the average fanning friction factor is calculated by [20] :
where w τ is the area averaged shear stress along the perforated pipe wall. In order to 4 generalize the pressure drop results for different perforation patterns, the pressure drop 5 coefficient is calculated by:
where P ∆ is the overall pressure drop along the perforated pipe and condition, these parameters are varied separately to study the effect of each parameter.
14 Velocity inlet with uniform distribution is taken into consideration for pipe and formation order upwind discretization scheme is utilised for momentum, turbulent kinetic energy, and 7 turbulent dissipation rate. cell zones, i.e., pipe flow and porous media flow are connected using non-conformal meshes.
7
At the outer side of the pipe wall, where perforations are located and overlap with porous 8 formation, an intersection is computed and then an interior zone is produced to pass the 9 fluxes across the two cell zones. Since the perforations are the only connection between the 10 two cell zones, strong flow gradients at these relatively small entrance points are expected. In 11 order to capture the sudden changes in flow variables and boundary layer region at such wall-12 bounded turbulent flow, mesh sizing and inflation layer meshing controls were implemented 13 during mesh generation (Fig. 2c) . In order to ensure that a mesh independent solution is 14 achieved, simulations were carried out for the baseline condition with different mesh sizes as 15 presented in Fig. 3 . It was observed that increasing the mesh size further than 1 million cells,
16
does not lead to further changes in simulation results. Reynolds number, i.e., as the Reynolds number increases for turbulent flow, the wall friction 5 factor decreases. In this section, the effects of major perforation parameters including perforation density, n, perforation density has been indicated by Siwon et al. [7] and the linear relation between 5 these two parameters has been reported by Su and Gudmundsson [8] . In order to study this 6 behaviour closely, contours of wall shear stress were plotted at the pipe wall for different 7 perforation densities (Fig. 8) . It is evident that area averaged wall shear stress, w τ (Eq. 10), The variations of pressure drop coefficient (Eq. 11) with perforation density calculated for 1 different inflow rate ratios are shown in Fig. 9 . It is shown that increasing the number of 2 perforations leads to a higher pressure drop along the pipe. The overall pressure drop for a 3 horizontal pipe with wall inflow is determined by three types of accelerational, frictional, 4 and mixing pressure drop [9] . It was seen that frictional losses vary linearly with n and also 5 for a constant inflow rate ratio, the accelerational term remains constant. Consequently, it is 6 concluded that with increasing the number of perforations, the overall pressure drop is less 7 significantly determined by frictional losses. This behaviour also shows that the Fig. 10 ). The effect of 6 perforation to pipe diameter ratio on the wall friction factor ratio is presented in Fig. 11 . It is 7 observed that increasing the perforation to pipe diameter ratio from 0.017 to 0.067 results in 8 the rise of the wall friction factor slightly. However, no significant impact on the frictional M A N U S C R I P T
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losses is observed when the perforation diameter is further enlarged. Similar observation was 1 reported by Siwon et al. [7] for perforation to pipe diameter ratios greater than 0.07. These results agree with the experiments carried out by Su [15] confirming that the friction 8 factor is independent of perforation phasing angle. One of the important flow parameters influencing the wellbore flow characteristics is the 2 inflow to main flow rate ratio. In this study, this ratio is defined as the total inflow rate 3 through perforations to the pipe flow rate at the outlet. A review of the wall friction factor 4 results for different perforation parameters (Figs. 7, 11, 15) indicates a similar behaviour 5 under the effect of flow rate ratio. As soon as the inflow from the pipe wall is initiated, the 6 wall friction factor for turbulent flow falls sharply. This is commonly known as the 7 lubrication or smoothing effect. It is however observed that the frictional losses do not vary It is observed that for the inflow rate ratios greater than 0.075, the wall friction factor is 16 almost independent of the inflow rate. In order to investigate the effect of pipe inlet velocity 17 on the wall friction factor ratio, the computed results for different perforation parameters and It was also observed that with initiation of fluid inflow from pipe wall, the friction factor falls 7 sharply but gradually levels off with further increase in flow rate ratio. On the contrary, • An integrated reservoir-wellbore flow model for perforated pipes is developed.
• Effect of perforation parameters on pressure drop along wellbore is studied.
• Wall friction factor and pressure drop vary directly with perforation density.
• Flow resistance becomes independent of perforation diameter as growing gradually.
• Frictional losses along perforated pipes are independent of the phasing angle.
